This study aimed to quantify effects of food mouthful size on eating effort while masticating solid foods represented by five hydrocolloid gels varying in texture by means of electromyography (EMG). Eleven subjects ate 3 (S) and 6 (L) mL mouthfuls of five gel samples in their normal way without any designated conditions. EMG activities from both masseter muscles, as jaw-closing muscles, and the suprahyoid muscles, as the jaw-opening muscles, were recorded during free eating. Differences in EMG variables were analyzed separately before the first swallow and during the entire oral processing until the last swallow. When food size was halved from L to S, entire time of oral processing, the number of chews, and the number of swallows were approximately 0.7 times more than those for L gels. The sum of muscle activities was determined by both the jaw-closing and jaw-opening muscles, and the relative values for S gels were about 0.8 of the L gels. EMG variables per chewing motion were not significantly different between S and L gels. Those observations were found to be similar for the five different gel types. These results suggest that the mastication effort can be estimated quantitatively for hydrogels with wide range of texture if a small enough mouthful size is consumed. The mastication effort for L gels was 1.4 times greater than that of S gels; however, it was never greater than 2 times the S gels.
Introduction
Food texture is perceived during oral processing and can change with every chew (Chen, 2009 ). In the mouth, food texture dynamically changes by structural breakdown during oral processing, incorporation of saliva, and melting at oral temperature. Wilkinson et al. (2000) stated that texture of food was studied by three different approaches: the instrumental measurements based on physics and/or chemistry, human physiological measurements, and sensory evaluation based on psychology. The physiological methods have been recently introduced in food texture studies and are expected to integrate the physicochemical and psychophysical approaches (Boyar and Kilcast, 1986; Wilkinson et al., 2000; Kohyama, 2005; Chen, 2009; Nishinari 2009; van der Bilt, 2009; Foegeding et al., 2011) . Among the physiological methods, electromyography (EMG) using surface electrodes have been widely adopted while subjects eat a fixed mouthful of food.
Literature revealed that the amplitude of EMG activity of the jawclosing muscles, such as the masseter muscles, correlate with food hardness (González et al., 2001; Kemsley et al., 2003; Woda et al., 2006; Foegeding et al., 2010 Foegeding et al., , 2011 Çakir et al., 2012; Espinosa and Chen, 2012) . We can evaluate the mastication effort using an indicator, the total muscle activity of both masseter muscles until swallowing (Kohyama et al., 2005b) . Mastication of more adhesive foods such as caramels and rice cakes (mochi) leads to greater activity of the suprahyoid muscles, which act in the jaw-opening phase (Sakamoto et al., 1989; Kohyama et al., 1998 Kohyama et al., , 2005b Kohyama et al., , 2007b Çakir et al., 2012) . Soft foodstuffs such as jellies are eaten through compression between the tongue and the hard palate without chewing with the back teeth, where the masseter activity is very weak, while the suprahyoid activity is observed more significantly (Nakazawa and Togashi, 2000; Ishihara et al., 2011) . The suprahyoid muscles also coordinate with tongue movements, involving pressing the tongue against the hard palate, protrusion of the tongue, and transportation of bolus at the beginning or oropharyngeal phase of swallowing (Shiozawa et al., 1999a; Taniguchi et al., 2008; Ishihara et al., 2011; Takahashi et al., 2011) . Although the suprahyoid muscles are active in swallowing water (Taniguchi et al., 2008) , the EMG activity of the suprahyoid muscles becomes greater for swallowing semi-solid or soft gels (Ishihara et al., 2011) . These findings suggest that we can estimate swallowing effort using the suprahyoid EMG.
Although mechanical properties such as elastic modulus and viscosity coefficient as physical quantities do not depend on the mass of samples, the EMG variables depend not only on the mechanical properties, but also on the amount and geometry of food samples (Nakazawa and Togashi, 2000; Foegeding et al., 2011) . A larger size of sample often results in a longer period of oral processing, larger number of chewing, and higher EMG amplitude (Dantas and Dodds, 1990; Palmer et al., 1999; Miyawaki et al., 2000; Kohyama et al., 2005b Kohyama et al., , 2007a Woda et al., 2006; Miyaoka et al., 2010; Ashida et al., 2010) . We compared EMG variables during free eating of rice gruel (5 g and 10 g), and found that 10 g gruel exhibited significantly higher EMG variables corresponding to mastication time such as number of chews, chewing time, and total muscle activity than 5 g. However there were no significant differences between 5 g and 10 g in EMG variables per chew such as EMG amplitude, duration, muscle activity or muscle work, and chewing cycle (Kohyama and Nakayama, 2004) . Similarly for cooked rice, the total muscle activities of 10 g were 1.5 times greater than those of 5 g (Shiozawa et al., 1995) , and those of double size of free eating mouthful resulted in 1.6 times of normal mouthful (Inoko et al., 2013) . Rice cake at 3 g and 9 g were compared, and the larger sample showed greater EMG amplitude and muscle activity per chew of masseter muscles as well as mastication time, but there was no significant size effect on swallowing behavior (Kohyama et al., 2007b) .
Previous research have not quantitatively discussed effects of sample size, although they stated the greater mass or volume of food, the longer the chewing times, the greater the number of chews, and greater effort in mastication. This study aims to quantitatively analyze the effects of food size on EMG variables.
In a preceding study, we evaluated texture attributes (firmness, cutting effort, elasticity, extensibility, adhesiveness, and melting rate in the mouth) and eating difficulty of twenty kinds of hydrocolloid gels varying in texture from a semi-and soft-solid food model using healthy adults as panelists in order to gather basic data for developing a mechanical test to evaluate eating difficulty . Principal component analysis aptly characterized the texture attributes of sample gels on the resulting scatter diagram with the axes of first principal component (PC1) corresponding to resistance to fracture and second principal component (PC2) regarding stickiness and flexibility. The two principal components were critical determinants of eating difficulty of gel type foods. Here, we selected five gels out of the twenty as representatives of the cluster based on sensory attributes of texture . EMG from both masseters, as jaw-closing muscles, and the suprahyoid muscles, as the jaw-opening muscles, were analyzed in a previous study Nakatsu et al., 2014) . The gel size was determined as small (approximately 3 mL) and large (approximately 6 mL) as tested swallowing behavior (Gao et al., 2013) . Understanding the effects of serving size as well as mechanical properties of foods on eating difficulty will be useful for preparing food for the elderly.
Materials and Methods
Sample gels Five kinds of hydrocolloid gels (#4, #6, #12, #14, and #16) with a wide range of food textures were used. Table 1 shows the ingredients, mechanical properties, and sensory texture characteristics of the five samples . The five gels were selected from twenty hydrocolloid gels after a discussion with gel texture experts to represent each cluster obtained by cluster analysis of sensory scores of six textural attributes, i.e., firmness, cutting effort, elasticity, extensibility, adhesiveness, and oral melting rate .
EMG measurements were conducted at 20 ± 2℃ consistent with the mechanical testing and sensory evaluation conditions . Five kinds of gels were prepared using the same ingredients but on a different day from the previous sensory study. The gels' mechanical properties were confirmed to be similar to those of previous preparations using the puncture test.
The sample gels were prepared using glass molds with an inner diameter of 20 mm and a height of 10 mm (S-size) or 20 mm (L-size), and stored in a refrigerator. Specimens were placed in a test room maintained at 20℃ for 1 h before EMG recording.
EMG measurement was conducted as reported . The study design was approved by the National Food Research Institute Ethics Committee. Eleven volunteers (4 men and 7 women, mean age 40 years old) participated in this study. They were free from masticatory or swallowing dysfunction, and none wore removable dental prostheses. To evaluate eating difficulty using EMG data, subjects were asked to eat normally, which was the most effective mastication since imposed eating results in increased muscle work (Mioche et al. 1999; Kohyama et al., 2010) .
Five kinds of gels with L-or S-size were served randomly to the subjects at least twice using a plastic spoon.
EMG activities were recorded using bipolar surface electrodes (EL503, Biopac Systems Inc., Goleta, CA, USA) from the left and right masseter muscles (LM and RM), as typical jaw-closing muscles, and from the suprahyoid muscles (SH), which are active in jaw opening and tongue movement. After filtering (10-500 Hz), removal of 50 Hz noise from the power supply and amplification to 1,000 times the original level using three EMG 100C amplifiers (Biopac Systems Inc.), the EMG signals were saved on a PC using a MP-150 system (Biopac Systems Inc.) at 1,000 Hz. The subject pressed a button as they started to chew and at every swallow ( Fig.   1) . A longer signal was given when the subject finished eating.
Data analyses
The data were analyzed using wave analysis software (AcqKnowlegde ® ver. 3.8.2; Biopac Systems Inc.). Each eating period was identified by the switch signals (Fig. 1) . We defined the time for oral processing as the period from the initial EMG activities following the first switch to the end of EMG activities before the last switch (top arrows in Fig. 1 ). Over the a, Sucralose sweetener (0.1%w/w) was added to mask flavor and all ingredients were food grade provided by SanEi Gen, F. F. I., Co. Inc. CAR, carrageenan. b, Mean of triplicates at 1.0 mm/s and 20℃. c, Mean scores assigned by 12 trained panelists are converted into 0 (easiest) and 100 (most difficult). d, Scores of the first and second principal components of six textural attributes (firmness, cutting-effort, elasticity, extensibility, adhesiveness, and melting rate in the mouth). entire period of oral processing, we also analyzed part of period T1, the rhythmical masseter activities observed before the first swallow signal, and T2, between the first and second swallow signals.
The number of chews was counted based on the masseter EMG activities. Four parameters that are peak-to-peak amplitudes, durations, cycle times, and muscle activities (time-integrated EMG voltages) were calculated for each muscle corresponding to an action of each muscle (Kohyama et al., 2005a (Kohyama et al., , 2012 Nakatsu et al., 2014) . The parameters appeared as one chewing movement from the left and right masseter muscles averaged together, since the chewing sides were chosen at will. The four EMG parameters of each muscle movement were then averaged for all masticatory actions. EMG duration and muscle activities were summed for T1, T2, and the entire period of oral processing.
Statistical analyses were conducted using the SPSS ® package (ver. 17.0 J for Windows ® ) (SPSS Inc., Chicago, IL, USA), with significance defined at p < 0.05. Effects of sample and size were analyzed using average EMG parameters by two-way repeated-
measures analysis of variance (ANOVA). A paired t-test with
Bonferroni's correction was used for all combinations of the two samples. Ratios of EMG variables for small to large gels were subjected to one-way ANOVA.
Results
EMG variables were analyzed for entire oral processing, chewing stage before the first swallow (T1), and between the first and second swallow (T2). We did not analyze after the second swallow as averaged number of swallows were nearly two for small samples, although some subjects swallowed more than twice.
After the first swallow, the remaining gels in the mouth were small and the amount was unknown, therefore it was difficult to quantitatively discuss size effect.
Clear masseter activities, as shown in Fig. 1 , indicated that all gels were chewed at least several times using the back teeth. The suprahyoid EMG signals were weaker and less clear than those observed in masseter EMGs, but the peaks in the suprahyoid EMGs were observed at the resting period of the masseter EMGs during T1 suggesting that the suprahyoid muscles acted to open the mandible. The masseter EMG activities were greater in T1 and lesser in T2, while the suprahyoid muscles exhibit greater activity in the late stage of oral processing suggesting bolus formation with the tongue. Table 2 shows the results of two-way ANOVA. As individual differences were not considered in repeated-measure methods, only significant differences caused by samples and size were presented.
Cross effect between sample and size were not significant except for time for oral processing and masseter muscle activity in T2.
Although weak size effect was found in number of chews in T1, both the small and large size gels were masticated until the first swallow. Effects of original gel size were more significant on variables in T2 than in T1; however, we cannot quantitatively discuss the size effects on EMG variables in T2 because the remaining sample amount in the mouth varied and was unknown.
To compare EMG variables of T1 and those of the entire chewing stage, ratios of T1 and entire oral processing were calculated for each variable and also subjected to ANOVA (9 rows from bottom in Table 2 ). Many of the ratios (T1 itself, number of chews, EMG duration, and muscle activities) in T1 to those in the entire oral processing showed significant size effect. Table 3 presents EMG variables for different samples.
Variables with significant sample effects in two-way ANOVA (Table 2) Ratios of T1 to entire oral processing time ranged from 0.57 (#6) to 0.63 (#12) (data not shown). All values were greater than 0.5, and this means that a longer period was required before the first swallow than after the first swallow for all samples. The ratios of S gels became greater than those for corresponding L gels.
Masseter muscle activities per chew for T1 were greater than (or similar level to) those for T2 after the first swallow as shown in Table 3 . In contrast, suprahyoid activities per chew for T1 were smaller than or similar to those for whole oral processing, meaning the suprahyoid activities were greater after the first swallow. The effects of sample type were significant in suprahyoid activities as shown in the 3rd row from bottom in Table 3 , but not in the masseter muscles (not shown). Table 4 shows ratios of each variable for small and large gels.
As amount in the mouth is unknown after the first swallow, entire oral processing and variables in T1 are analyzed. ANOVA results revealed that all the variables did not show significant sample differences. When the gel size was halved from L to S size, EMG variables with significant size effects in Table 2 (from 1.08 to 0.84 times) and the size effects were not significant (Table 2) .
Discussion
Selection of gel samples Hydrocolloid gels can be used as models that cover a wide range of textures of actual solid foods.
We previously tested mechanical properties, sensory texture attributes and eating difficulty using twenty hydrocolloid gels . Previous studies using instrumental and sensory evaluation and EMG were conducted on a fixed size (diameter of 20 mm and height of 10 mm) that was referred to as S size in this study. As texture and associated eating difficulty are likely affected by the size of the mouthful, we planned this study as comparison of different sizes. Although it is expected that L size gels are more difficult to eat than S gels, the size effect may be different with different gel types.
We had to select a smaller number of gels because of limited number of food samples for an EMG recording session . Each gel can be characterized by sensory evaluation as follows : #4 is firm, slippery and requiring much effort to chew, #6 is adhesive, sticky but requiring little effort to chew, #12 is highly extensible and requiring much effort to chew, #14 is easy to cut, high perceived rate of melting in the mouth and requiring little effort to chew and #16 is firm, brittle, less adhesive and has a relatively high perceived rate of melting in the mouth. Their textural attributes were quite different to each other as indicated by different scoring on the principal components, and discussed in our previous studies Kohyama et al., 2014) .
Relation to texture and EMG variables
In this study, EMG variables for five different hydrocolloid gels with large or small mouthful sizes were analyzed. Generally speaking, T1-related variables were greater in firmer gels with greater cutting effort such as #4 and #12, while they were less in soft gel having a higher melting rate in the mouth such as #14. The EMG variables that relate to T1 were affected by resistance to fracture that was the first principal component from six sensory attributes (Table 1) . In contrast, suprahyoid muscles must act to gather food fragments in the mouth to make the bolus just before swallowing in T2 and later stages of oral processing. Sample differences were common for large and small mouthfuls.
Eating difficulty is determined by size of food in addition to mechanical properties. Large size gels required longer oral processing time with greater number of chews and greater number of swallowing. Bolus formation was not completed or the formed bolus disintegrated at first swallow.
We analyzed the EMG variables at different stages before the first swallow (T1), and between the first and second swallows (T2).
Before the first swallow, the jaw-closing and -opening muscles alternatively act, where subjects repeated their own rhythmic chewing. As shown in Table 2 , chewing cycle time was not significantly different between gel sizes, but significant differences were detected among five sample gels. Averaged cycle time for T1
in Table 3 is a little longer in #14 and #12 and shorter in #16. It is known that chewing cycle is most stable in the middle stage of chewing period T1 and lengthens before swallowing due to bolus Mean values of eleven subjects are shown. Sample differences are not significant for all variables. Gels are prepared in glass molds of 20 mm-inner diameter.
Height of large gels is 20 mm and that of small is 10 mm.
formation (Kohyama et al., 2000; Kohyama and Mioche, 2004) .
The average value of cycle time becomes long if the sample is swallowed after a smaller number of chews. The rhythmical chewing was not observed after the first swallow, and EMG activities of the jaw-closing muscle became smaller. EMG activities of suprahyoid muscles were greater in T2. Observed significant differences among five samples were smaller in T2 than in T1 because the mass of gel samples was small after the first swallow. There are two reasons for that: first, original gel properties were weakened during T1 (Kohyama et al., 1998 (Kohyama et al., , 2005b (Kohyama et al., , 2007b Kohyama and Mioche, 2004) , and second, the amount of samples remained in the oral cavity after the first swallow was much smaller, varied greatly, and unknown as majority of the gel bolus was transported from the mouth. The amount left in the mouth after the first swallow may be related to original gel size;
also it may be greater for larger gels than smaller gels judging from the number of swallows. However, there was no direct experimental evidence. Food size effects cannot be discussed after the first swallow due to the residual amount which cannot be controlled. It might be possible if the second swallow was forbidden, but T1 would become unnaturally long under this condition. Thus, we allowed for completely free eating to get more parameters in natural oral processing.
When adult subjects eat familiar foods, i.e., foods they have experience eating, the mastication behavior is similar within a subject, but there are large differences in the mastication behavior between subjects. The mechanical properties of a food bolus collected from the subjects' mouth at each stage of oral processing were examined by the two-bite texture profile analysis, which was synchronized with the EMG recording on masseter and suprahyoid muscles (Shiozawa et al., 1999b) . Instrumental hardness, adhesiveness, and cohesiveness of the bolus are significantly variable among subjects and foods. Relationships between the mechanical properties of a food bolus and the initiation of swallowing were investigated by the two-bite texture profile analysis using bolus collected from the mouth (Shiozawa et al., 2003) . Instrumentally measured values of boluses also showed greater inter-individual differences, but there was a general tendency commonly observed for boluses taken from different individuals. The hardness greatly decreased during oral processing and the adhesiveness values were maximized at swallowing moment if sample food was not very sticky like a rice cake (Shiozawa et al., 2003) .
Quantitative analysis Ratios of EMG variables for small and large gels were calculated so they could be discussed quantitatively. If the variables were independent of sample size, the ratio is one, and if they are determined by sample size without being affected by other factors, the ratio should be 0.5. The results shown in Table 4 When humans eat mouthful-sized gels freely, they do not vary much during each chewing cycle from their individual eating habits. They change in number of chews and swallows depending on the sample mass, and oral processing time was related with the number of chewing or swallowing actions. However, the changes in oral processing time and number of chews and/or swallows were less than the proportional value to the sample mass. Mastication effort is estimated from the activities of masseter muscles (Kohyama et al., 2005b (Kohyama et al., , 2007b . The mastication effort per mass of the large gels was about 0.7. The tongue effort per mass of food is less dependent on the sample mass because the suprahyoid muscle activities influenced by the tongue motion were smaller before the first swallow and greater after that in free style eating.
Range of food As we tested five hydrocolloid gels with wide range of textures , the above mentioned trend that the mastication effort became 0.7 for half a mouthful food would be applicable to various types of gels. Liquid food immediately swallowed and soft gels eaten through oral deduction by the tongue and hard palate without chewing were not involved in the present study because the mastication effort cannot be estimated by masseter muscle EMGs. However, soft rice gruels chewed just several times exhibited a similar tendency. Five g of rice gruel is eaten with about 0.7 times shorter mastication time, 0.7 times of number of chews, and 0.7 times smaller mastication effort of 10 g of the same samples estimated by masseter EMGs, but no significant differences in EMG variables per chew (Kohyama and Nakayama, 2004) . Well cooked rice grains are considered gels, though a piece of grain is very small, but it is swallowed after a small number of chews (Kohyama and Nakayama, 2004; Kohyama et al., 2007b) . It seems that shape of original food does not influence the general trend observed in five gels if the sample gel is chewed using the back teeth. This is consistent with a previous report which showed that EMG variables of surimi gels were not significantly different between 7 g thinly sliced and block samples (Kohyama et al., 2007a) . The present size effects would be useful to design diet because the range of gel foods include staple foods such as cooked rice and gruel.
When we consider the range of adaptation of this finding, we may set an exceptional case for very adhesive foods such as rice cake. The adhesiveness of rice cake was still high upon swallowing (Shiozawa et al., 2003) . According to the model by Hutchings and Lillford (1988) , oral processing of solid foods before swallowing requires both the breaking down of the original structure of the food and the lubrication of the bolus surface. As hydrocolloid gels contain much water, the lubrication of the bolus surface is not the main factor in normal cases; however it may be more important in very adhesive gels. For rice cake, masseter EMG activities were lower than those of jaw-opening muscles (Kohyama et al., 2007b) and the adhesiveness of the bolus at the moment of swallowing did not reach the maximum as do very exceptional cases among various foods (Shiozawa et al., 2003) . Those findings suggest that rice cake is likely out of the range of the hydrocolloid gels tested in this study.
It may also be better to avoid low-moisture food, as such food requires oral processing time for lubrication of the bolus rather than break-down (Hutchings and Lillford, 1988) . EMG activities of melba toast reduced mastication effort with the presence of water (5 or 10 mL), but those of other foods with high moisture content (peanut, carrot, and cheese) were not affected by the addition of water (van der Bilt et al., 2007) . As hydrocolloid gels were rich in water, saliva incorporated into the bolus during oral processing would be negligible to the original water content of gels. Hydrocolloid gels were the simplest model of solid foods, while heterogeneous foods and combination of different foods were quite common in daily meals. Influence of hydrophobic ingredients like fat, taste and/or flavor, temperature, and other factors on chewing behavior should be considered when designing a real meal. We plan to quantify the size effects on eating behavior of hydrocolloid gels with a wider range of mouthful size because soft type gels such as mini-cup jelly are usually eaten with greater mouthful portions.
Conclusion
This study clearly elucidated the difficulty some people face when eating solid foods based on five kinds of hydrocolloid gels varying in texture by means of electromyography (EMG).
Differences in EMG variables among samples were analyzed separately before the first swallow, between the first and second swallows, and during the entire process until the last swallow. The time before the first swallow related to the mastication effort can be estimated by some EMG variables in masseter muscles during chewing. When sample size was halved, oral processing time shortened, and the number of chews and swallows reduced to 0.7 times, however EMG variables per chewing movement did not change significantly. Mastication effort per mass of foods decreased with an increase in mouthful of foods; thus, we can recommend taking a smaller amount of food per mouthful to facilitate eating for persons with difficulty masticating.
